This article describes the design, synthesis and studied of electronic properties of four novel spirobifluorene derivatives. The synthesized compounds were characterized by 1 H/ 13 C NMR spectroscopy and mass spectrometry and their optical and electronic properties were studied by UV-visible spectroscopy and cyclic voltammetry (CV) measurements, respectively. Incorporation of flexible 2-methoxyethyl side chain (MeO-CH 2 CH 2 -) on the aromatic moiety would allow the establishment of new Van Der Waals interaction with organic solvents and thus, might improve the solubility of spirobifluorene derivatives in organic solvents. All the compounds exhibited absorption peak in UV region and centered at around 380-388 nm. Cyclic voltammetry measurements showed that the redox peaks are highly reversible. The HOMO energy levels, calculated from CV were found around − 5.18 to − 5.32 eV. Overall optical and electrochemical properties revealed that these compounds can be used as promising materials for optoelectronic devices.
Introduction
9,9′-Spirobifluorene derivatives are widely used as an efficient hole-transporting materials (HTM) in organic lightemitting devices (OLEDs) [1] [2] [3] [4] [5] [6] [7] , organic field-effect transistors (OFETs), [7] [8] [9] [10] solid state dye-sensitized solar cells (ssDSSCs) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and recently in perovskite-sensitized solar cell [21] [22] [23] [24] . The shared sp3 hybridized carbon atom of two connected fluorene moieties in spirobifluorene derivatives leads to an unusual cross-shaped rigid structure. The perpendicular orientation of these two moieties diminishes the intermolecular π-π interaction and prevents the molecular aggregation. These features improve the solubility of spiro compounds as well as morphological stability in solid state. One of the major application of spirobifluorene derivatives is in OLED technology as a blue-emitting materials [4] . Recently, spiro derivatives are extensively used in perovskite-based solar cells too [21] [22] [23] [24] .
H e r e i n t h e s y n t h e s i s a n d c h a r a c t e r i z ation of four novel spirobif luorene derivatives, N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-(2-methoxyethyl) phenyl)-9,9′-spirobi[f luorene]-2,2′,7,7′-tetraamine (1), N2,N2′,N7,N7′-tetrakis(4-(2-methoxyethyl) phenyl)N2,N2′,N7,N7′-tetra(naphthalen-1-yl)-9,9′-spirobi[fluorene]-2,2′,7,7′-tetraamine (2), N2,N2′,N7,N7′-t e t r a k i s ( 4 -( 2 -m e t h o x y e t h y l ) p h e n y l ) -N2,N2′ ,N7,N7′ -tetrakis(4-met hoxyphenyl)-9,9′ -spirobi[f luorene]-2,2′ ,7,7′ -tetraamine (3 ) and N 2 , N 2 ′ , N 7 , N 7 ′ -t et r a k i s ( 3 , 5 -d i m et h ox y p h e nyl ) -N2,N2′,N7,N7′-tetrakis(4-(2-methoxyethyl)phenyl)-9,9′-spirobi[fluorene]-2,2′,7,7′-tetraamine (4) and their optical and electronic properties are reported. It is well known that methoxy groups (-OCH 3 ) in the structure of the molecule control the HOMO level of the hole-transporting material. Additionally, the methoxy groups play a crucial role in anchoring of the hole-transporting material onto the electrode and the active layer. Hence, the rationale behind the designing of the above derivatives is that the flexible side chain containing methoxy groups at the end might enhance the anchoring efficiency of the synthesized derivatives. Moreover, incorporation of flexible 2-methoxyethyl side chain (MeO-CH 2 CH 2 -) on the aromatic moiety would allow the establishment of new Van Der Waals interaction with organic solvents and thus, might improve the solubility of spirobifluorene derivatives in organic solvents [25] [26] [27] [28] [29] (Scheme 1).
Towards the synthesis of the desired spirobifluorene derivatives, first, different diaryl amines (5) (6) (7) (8) were synthesized with excellent yield of 80-90%, via the palladium catalyzed Buchwald-Hartwig C-N cross coupling [30] of various aryl bromides and primary aryl amines. The synthesized diaryl amines were purified by column chromatography and characterized by 1 H and 13 C NMR spectroscopy and mass spectrometry. Next, the target spirobifluorene derivatives were synthesized starting from 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (9) via palladium catalyzed C-N cross coupling [31] with various diaryl amine (5) (6) (7) (8) . The synthesized spirobifluorene derivatives (1-4) were purified by column chromatography with an average yield of around 60%. The derivatives were further purified by precipitation from MeOH and characterized by 1 H and 13 C NMR spectroscopy and mass spectrometry (Scheme 2).
Experimental

General Method
All reactions were carried out under a nitrogen atmosphere (wherever applicable). The reagents were purchased as reagent grade from commercial sources (Sigma Aldrich) and used without further purification. Organic extracts were dried over anhydrous magnesium sulfate. Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (230-400 mesh size) was used for the column chromatography. Reactions were monitored by TLC on silica gel 60 F254 (0.25 mm). 1 H NMR spectra were measured with Bruker (400 MHz) and 13 C NMR spectra were measured with Bruker (100 MHz) spectrometer. Coupling constant (J value) was reported in Hertz. The chemical shifts were shown in ppm downfield from tetramethylsilane (TMS), using residual chloroform (δ = 7.26 in 1 H NMR, δ = 77.23 in 13 C NMR), as an internal standard. Mass spectra were recorded using Proteomics Analyzer 4700 mass spectrometer (Applied Biosystems). UV-visible spectra were recorded on a Varian CARY-5000 UV-visible spectrophotometer. Cyclic voltammetry experiments were conducted on a Metrohm Potentiostat (PGSTAT302N) instrument. 
Synthesis
General Synthetic Procedures for the Preparation of Triaryl Amine
In a f lame dr ied round bottom (RB) f lask 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (1 eqv) and diaryl amine (5 eqv) were mixed and kept under high vacuum for 1 h. under 50 °C. Then the RB flask was placed inside the glove box and sodium tert-butoxide (6 eqv) followed by toluene were added into the RB. After this time, 6 mol% of palladium acetate [Pd(OAc) 2 ] was added to it. Then 6 mol% of tri-tert-butylphosphine was added to the RB as a toluene stock solution. The mixture was stirred for 8-12 h under 80-85 °C. After completion of the reaction (monitored by TLC checking) the mixture was filtered through a silica pad funnel, concentrated under high vacuum and purified by silica-gel (230-400 mesh) column chromatography (hexane:ethyl acetate = 4:1). The compound was further purified by precipitation into methanol from a concentrated dichloromethane solution to yield the fine powdered product. 
N2,N2′,N7,N7′-tetrakis(4-(2-Methoxyethyl)phen yl)-N2,N2′,N7,N7′-tetra(naphthalen-1-yl)-9,9′-sp irobi[fluorene]-2,2′,7,7′-tetraamine (2)
Using the general procedure for the preparation of triaryl amine, 0.690 g (1.092 mmol) 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene coupled with 1.512 g ( 
N2,N2′,N7,N7′-tetrakis(4-(2-Methoxyethyl)phen yl)-N2,N2′,N7,N7′-tetrakis(4-methoxyphenyl)-9, 9′-spirobi[fluorene]-2,2′,7,7′-tetraamine (3)
Using the general procedure for the preparation of triaryl amine, 0.9 g (1.424 mmol) 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene coupled with 1.83 g (7.12 mmol) 4-methoxy-N-(4-(2-methoxyethyl)phenyl)aniline in presence of 0.020 g (0.0855 mmol) Pd(OAc) 2 
General Synthetic Procedures for the Preparation of Diaryl Amine
In a flame dried round bottom (RB) flask aryl amine (1 eqv) and aryl bromide (1.2 eqv) were mixed and kept under high vacuum for 1 h. Then the RB flask was placed inside the glove box and sodium tert-butoxide (1.2 eqv) followed by toluene were added into the RB. After this time, 3 mol% of 1,1′-bis(diphenylphosphino)ferrocene [DPPF] and 3 mol% of palladium acetate [Pd(OAc) 2 ] were added and the mixture was stirred for 12 h under 80 − 85 °C. After completion of the reaction (monitored by TLC checking) the mixture was partitioned between ethyl acetate and water. The organic layer was dried over anhydrous magnesium sulphate and concentrated under vacuum and purified by silica-gel (230-400 mesh) column chromatography (hexane:ethyl acetate = 6:1).
bis(4-(2-Methoxyethyl)phenyl)amine (5)
Using the general procedure for the preparation of diaryl amine, 1 g (6.22 mmol) 4-(2-methoxyethyl)aniline (12) coupled with 1.7 g (7.95 mmol) 1-bromo-4-(2-methoxyethyl) benzene (10) N-(4-(2-Methoxyethyl) 
2.8
4-Methoxy-N-(4-(2-methoxyethyl)phenyl) aniline (7)
Using the general procedure for the preparation of diaryl amine, 1 g (8.130 mmol) p-methoxyaniline coupled with 2.1 g (9.756 mmol) 1-bromo-4-(2-methoxyethyl) benzene (10) 
3,5-Dimethoxy-N-(4-(2-methoxyethyl)phenyl) aniline (8)
Using the general procedure for the preparation of diaryl amine, 2 g (13.245 mmol) 4-(2-methoxyethyl)aniline (12) coupled 
1-Bromo-4-(2-methoxyethyl)benzene (10)
Sodium hydride (3.98 g, 99.5 mmol; 60% dispersion in oil) was added in portion to a stirred solution of 2-(4-bromophenyl) ethanol (10 g, 49.75 mmol) in dry THF (300 mL) at 0 °C under nitrogen. After 30 min, CH 3 I (21.18 g, 149.22 mmol) was added and the mixture was warmed to room temperature and stirred for 18 h before cold water was added to quench the reaction. The reaction mixture was partitioned between water and EtOAc, separated and the organic layer was dried over MgSO 4 , then filtered and the concentrated under reduced pressure. The pure compound was separated by column chromatography. 
1-(2-Methoxyethyl)-4-nitrobenzene (11)
Sodium hydride (3.59 g, 89.82 mmol; 60% dispersion in oil) was added in portion to a stirred solution of 2-(4-nitrophenyl) 
4-(2-Methoxyethyl)aniline (12)
In a 200 mL 2 neck round bottom flask with a reflux condenser was added 
Optical Properties
First, the solution state absorption optical properties of the four spirobifluorene derivatives were measured in dichloromethane solvent (Fig. 1a) . All the derivatives showed absorption maxima at UV region and centered between 378 and 386 nm ( Table 1 ). The shoulder peak in the absorption spectra is may be due to the possibility of several electronic transitions exhibiting close energies as the high symmetry of the spiro-derivative leads to the possibility of pseudo degenerated molecular orbital. Next, the solid state optical properties of the four spiro derivatives were investigated as thin film. To measure thin films, compounds were spin coated on pre-cleaned quartz substrates using chlorobenzene solutions. To ensure the smooth films, spin coating time and speed were fixed at 60 s and 1000 rpm. The UV-visible absorption spectra of the four compounds (1-4) in the film state are shown in Fig. 1b . The compounds 1-4 exhibit absorption peak centered at 384, 380, 388, and 387 nm, respectively. Thus, all the synthesized spirobifluorene derivatives (1-4) showed absorption bands in the UV region. The optical band gap (E opt-gap ) of these compounds were calculated from the onset wavelength of the corresponding absorption spectra using Tauc plot [32] . 
Cyclic Voltammetry Studies
To evaluate the energy parameters of the compound 1-4, cyclic voltammetry (CV) experiments were carried out to measure the oxidation potentials (E ox ), which correspond to the HOMO energy level of the compounds. The CV experiments were conducted on a Metrohm Potentiostat (PGSTAT302N) instrument model system with platinum [33] . The cyclic voltagrams of the spirobifluorene derivatives (1-4) are shown in Fig. 2 and E ox onset and E HOMO are summarized in Table 1 . The highly reversible nature of redox peaks for all the derivatives 1-4 indicates their excellent electrochemical stability. The E HOMO levels of the compound 1, 2, 3, and 4 were calculated from electrochemical measurement and were found to be − 5.18, − 5.28, − 5.22, and − 5.32 eV respectively. The E HOMO level for perovskite-sensitizer (CH 3 NH 3 PbI 3 ) is around − 5.44 eV [21] [22] [23] [24] 34] , which indicates that all the spirobifluorene derivatives are energetically favourable for hole transfer in perovskite-sensitized solar cell.
Conclusion
In conclusion, four novel spirobifluorene derivatives were synthesized and their optical and electronic properties were studied. All the compounds exhibited absorption peak in UV region and centered at around 380-388 nm. Cyclic voltammetry (CV) measurements showed that the redox peaks are highly reversible. The HOMO energy levels, calculated from CV were found around − 5.18 to − 5.32 eV. Overall optical and electrochemical properties revealed that these compounds can be used as promising materials for optoelectronic devices. Currently, the exploration of the synthesized spiro-derivative as hole-transporting materials (HTM) in solar cell is under investigation.
